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Abstract 
Sugarcane biorefineries co-producing fuels, green chemicals and bio-
products offer great potential for improving the profitability and 
sustainability of sugarcane industries around the world.  Sugarcane 
bagasse is widely regarded as one of the best biomass feedstocks for 
early adoption and commercialisation of biorefining technologies 
because of the large scale of the resource and its availability at sugar 
factories. 
Biomass biorefineries aim to convert bagasse through biochemical 
and thermochemical processes to produce low cost fermentable sugars 
which are a platform for value-adding.  Through subsequent 
fermentation technologies or chemical synthesis, the sugars can be 
converted to fuels including ethanol and butanol, oils, organic acids 
such as succinic and levulinic and polymer precursors.  Other 
biorefinery products can include food and animal feeds, plastics, fibre 
products and resins.  
Recent advances in biorefinery production technologies are being 
demonstrated in a unique research facility at the Queensland 
University of Technology’s Mackay Renewable Biocommodities 
Pilot Plant in Mackay, Australia.  This pilot scale production facility 
located at Mackay Sugar Ltd’s Racecourse Mill is demonstrating the 
production of a range of fuels and other products from sugarcane 
bagasse. 
This paper will address the opportunities available for sugarcane 
biorefineries to contribute to future profitability and sustainability of 
the sugarcane industry.  
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Introduction 
Historically, agricultural crops have been grown for the production of a principal 
product whether starch-based grains, oil seeds or sugars.  All agricultural industries are now, 
however, considering ways to maximise the value from the entire crop.  In particular, with 
increasing scarcity of crude oil, increasing petrol prices and the rapid progress in industrial 
biotechnology, there is a significant focus on creating additional value from the crop biomass 
residues to produce biofuels, green chemicals and other valuable bio-products. 
Conventional sugarcane factories process the stalk from sugarcane to produce crystal 
sugar, molasses and energy co-products from bagasse (steam and electricity).  Integrated 
sugar and ethanol production (from juice or molasses) has added value to sugarcane 
production and is an integral part of many sugar processing operations globally.  The 
processing of juice or molasses into ethanol is the first step toward a sugarcane biorefinery.  
A complete biorefinery, however, includes the sustainable processing of biomass into 
a range of valuable products (including food, feed, materials and chemicals), and energy 
(fuels, power, heat) (IEA Bioenergy, 2009).  While sugarcane bagasse is currently widely 
used for co-generation, the utilisation of this bagasse to produce higher value products is a 
profound opportunity to improve the sustainability and economic profitability of processing 
operations. 
This paper assesses the prospects for the development of sugarcane biorefineries, the 
potential products from sugarcane biorefineries and reports on the research progress of an 
Australian biorefinery pilot plant that has been operating since 2010. 
The sugarcane biorefinery 
Over the past decade, there have been considerable developments in the concept of 
the sugarcane biorefinery and several reports have demonstrated the need to improve the 
economics of biofuels production through the integrated production of multiple co-products 
in a biomass biorefinery (Godshall, 2005; Pye, 2005; Edye et al., 2006; Peterson, 2006; 
Erickson, 2007; Day et al., 2008).  
IEA Bioenergy Taskforce 42 classifies biorefineries according to four major elements, 
these being feedstocks, conversion processes, platforms and products (IEA Bioenergy, 2009).  
In a sugarcane biorefinery, the feedstocks can generally be considered as the products 
resulting from the sugarcane factory – bagasse, juice, sugar and molasses.  In addition, by-
products of the process such as filter mud may also be considered as potential feedstocks for 
biorefining processes. 
For each of these potential biorefinery feedstocks from sugarcane, there are many 
potential products that can be produced as shown in Fig. 1.  These products range from lower 
value products such as animal feeds and fertilisers, to products of intermediate value such as 
fuels and bulk chemicals, to very high value proteins, pharmaceuticals and specialty 
chemicals. 
The selection of appropriate conversion processes for the biorefinery is a function of 
the most efficient and cost effective way to get from the feedstock to the product.  
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The sucrose from sugarcane is readily fermented or chemically converted into biofuel 
and chemical products.  The key challenge with the use of sucrose for the production of these 
products is its high cost.  The use of molasses is also possible; however, the large scale 
adoption of these technologies may be limited by molasses price and availability.  
As a result, sugarcane bagasse (and trash) has been the focus for the development of 
new biorefinery technologies for sugarcane.  This is the result of bagasse being potentially 
available in very large quantities and having a much lower value than sugar or molasses. 
Sugarcane bagasse is a complex mixture of cellulose, hemicellulose and lignin with 
minor amounts of ash, proteins, lipids and extractives.  The structure of bagasse, like other 
lignocellulosics, makes the fibre very resistant to biological degradation or enzymatic 
bioprocessing and hence bagasse processing generally requires severe chemical, thermal 
and/or physical pretreatments prior to chemical or biological conversion to final products 
(O'Hara et al., 2011). 
A comprehensive study of over 500 samples of Australian sugarcane biomass 
including bagasse showed a large variation in the composition of biomass (Oxley et al., 
2012).  The compositions of bagasse on a dry basis reported in the literature are typically as 
follows: cellulose 34 - 47%; hemicellulose 20 – 29%; and lignin 18 – 28% (Rao, 1997; Pena 
et al., 2000; Aguilar et al., 2002; Goncalves et al., 2005; Gray, 2007; Zhang et al., 2013).  
Bagasse conversion technologies can generally be classified as either biochemical or 
thermochemical processes to produce intermediate chemical platforms.  These platforms 
include fermentable sugars, lignin, syngas and bio-oils and provide a uniform basis from 
which to develop downstream processing technologies. 
 
 
 
Fig. 1 – Potential products for sugarcane biorefineries  
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Sugarcane factories as renewable energy and biotechnology hubs 
As an agricultural industry, the sugarcane industry is regionally based and central to 
the economic viability of rural and regional communities.  The industry provides 
employment, economic growth, development and in many cases essential services to the local 
communities in which they exist.  As sugarcane is a rapidly perishable product, sugarcane 
processing infrastructure must be located within the midst of the sugarcane growing region 
which ensures the on-going regional nature of the industry. 
In centralised infrastructure, sugarcane factories process the sugarcane feedstock into 
products.  For this purpose, they require services infrastructure including boilers, electrical 
generation and distribution equipment, cooling water, effluent treatment, maintenance and 
other services. 
Future sugarcane factories will not only integrate sugarcane processing, sugar 
production and renewable energy production as they do now, but in addition produce 
biotechnology products.  Further to the emergence of biorefinery processes, however, is the 
opportunity for these facilities to develop into regional renewable energy and biotechnology 
hubs attracting related industries and innovation enterprises able to make use of the central 
infrastructure, energy availability and co-product streams as inputs to their processes (Fig. 2).  
In this way, the development of sugarcane biorefineries leads to higher regional 
employment, creates opportunities for the emergence of small to medium enterprises (SMEs) 
in higher technology industries and builds demand for employment in more highly skilled 
jobs. 
In addition, the creation of a strong manufacturing base around low carbon 
technologies provides resilience in a manufacturing sector which has the potential to be 
adversely impacted by the implementation of future greenhouse gas abatement policies. 
These benefits result in very significant social and development outcomes for regional 
communities, providing longer term sustainability of these communities which are essential 
to the economic well-being of a country. 
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Fig. 2 – Sugarcane factories – renewable energy and biotechnology hubs 
Bagasse as a biorefinery feedstock 
Biomass from sugarcane is widely considered to be one of the best feedstocks for 
early commercialisation of biorefining technologies.  Biomass from sugarcane has many key 
advantages as a feedstock with the most significant of these being: 
- Sugarcane is a highly efficient C4 photosynthetic crop producing high yields of 
biomass on an annual basis; 
- The sugarcane resource is massive and globally distributed; 
- Sugarcane is an established industrial crop with well understood farming practices, 
pest and disease profiles and well established and sophisticated varietal development 
programs; 
- In terms of potential economic value, the biomass component of the crop (bagasse and 
trash) is vastly underutilised; and 
- The major biomass residue from the crop (bagasse) is already at a centralised 
processing facility (the sugarcane factory). 
These advantages result in sugarcane bagasse having a much lower feedstock risk 
profile and often a lower feedstock price than many other potential biorefinery feedstocks.  
With the commercialisation of new biorefining technologies being subject to significant 
technical and commercial risk, the ability to reduce feedstock risk is a key requirement for 
early adopters of biorefinery technologies.  
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Potential chemical products for sugarcane biorefineries 
Leading potential chemical products from biomass 
Most organic chemicals produced from fossil based resources can also be produced 
from biomass (Bridgwater et al., 2010).  Several studies have assessed the range of potential 
chemical products from biomass and, in fact, over 300 chemicals have been identified 
(Werpy et al., 2004; Bridgwater et al., 2010). 
Table 1 shows a summary of the most promising chemical candidates from several of 
these assessments including the potential chemicals able to be produced from biomass, 
sugars, lignin and syngas.  The following sections assess in more detail some of the more 
promising potential chemical options from both the sugars and lignin platforms. 
The sugars platform 
Carbohydrates make up approximately 54-76% of bagasse on a dry basis.  These 
carbohydrates mostly consist of structural cell-wall polymers principally cellulose and 
hemicellulose.  These carbohydrates can be hydrolysed to monomer sugars mainly consisting 
of glucose, xylose and arabinose.  In the thermal and chemical processes for the treatment of 
bagasse, however, a range of oligomers and carbohydrate degradation products are formed 
depending upon the severity of the conditions employed. 
 
Table 1 – Leading candidates for the production of value-added chemicals from biomass 
Products from 
biomass 
(Bridgwater et al., 
2010) 
Chemicals from 
sugars 
(Werpy et al., 2004) 
Chemicals from 
lignin 
(Holladay et al., 2007)
Chemicals from 
syngas 
(Spath et al., 2003) 
1,2-Propanediol 
Epichlorohydrin 
Lactic acid 
Diesel 
Gasoline 
Kerosine 
Ethanol 
Methanol 
DME 
Char 
Wood pellets 
Animal feed 
1,3-Propanediol 
Carbon dioxide 
1,4-Succinic, fumaric 
and malic acids 
2,5-Furan dicarboxylic 
acid 
3-Hydroxy propionic 
acid 
Aspartic acid 
Glucaric acid 
Glutamic acid 
Itaconic acid 
Levulinic acid 
3-
Hydroxybutyrolactone 
Alcohols (e.g., 
glycerol, 
Macromolecules 
Carbon fibre 
Polymer modifiers 
Thermoset resins 
Aromatic chemicals 
BTX (benzene, 
toluene, xylene) 
derivatives 
Phenol 
Lignin monomers 
Propylphenol 
Eugenol 
Syringol, 
Oxidised lignin 
monomers 
Hydrogen 
Ammonia 
Methanol and 
derivatives 
di-methyl ether (DME) 
Acetic acid 
Formaldehyde 
Methyl tert-butyl ether 
(MTBE) 
Methanol to olefins 
Methanol to gasoline 
Ethanol 
Mixed higher alcohols 
Oxosynthesis products 
(C3 – C15 aldehydes) 
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sorbitol, 
xylitol/arabinitol) 
Syringaldehyde 
Vanillan 
Vanillic acid 
Isosynthesis products 
(isobutene, isobutane) 
 
Biochemical processes require pretreatment of bagasse in a reactor at moderate 
temperatures (~160–180oC) and pressures (~6-20 bar) and generally in the presence of 
alkalis, mild acids or solvents.  Following pretreatment, the solid residue can be much more 
readily hydrolysed using enzymes (cellulases, glucosidases, xylanases) into the monomer 
sugars.  Depending upon the quantity of carbohydrate degradation formed in the pretreatment 
process, these ‘fermentable sugars’ formed can be biologically converted (fermented) into 
target chemical products.  Product purification requirements depend upon the product 
produced but can include distillation, crystallisation, solvent extraction, membrane 
separation, ion exchange or chromatographic techniques. 
Research work currently underway at QUT is developing technology for the in-planta 
expression of cellulase enzymes in sugarcane, novel pretreatment processes and enzyme 
delivery technologies. 
Thermochemical processes are typically undertaken at more elevated reaction 
temperatures (>200 °C) in a low oxygen environment.  Because these higher temperatures are 
effective at converting biomass into products, thermochemical processes can be highly 
efficient.  Thermochemical processes generally require shorter reaction times than 
biochemical processes and have quite different product separation and purification 
requirements.  
Based upon the reaction conditions used and the types of intermediate products 
formed, thermochemical processes can be classified as gasification, pyrolysis, or liquefaction.  
Typical operating conditions for these processes are shown in Table 2. 
 
Table 2 – Typical reaction conditions for thermochemical biorefinery processes 
 Temperature  
(ºC) 
Pressure  
(bar) 
Product 
Liquefaction 250 - 330 1 - 240 Liquid 
Pyrolysis 280 - 630 1 - 5 Liquid and gas 
Gasification 800 - 1000 1 - 20 Solids and gas 
 
Research work currently underway at QUT in thermochemical processing is 
investigating liquefaction of bagasse to create a renewable bio-crude.  In this reaction, the 
macromolecules in bagasse undergo degradation in water to produce oil-like compounds 
which separate from the aqueous phase.  Other products including acetic acid and acetone 
remain dissolved in the water phase.  During liquefaction, a reduction in oxygen is achieved 
through the generation of H2O and CO2.  
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One of the major attractions of the liquefaction process is that the biomass feedstock 
does not require drying prior to processing.  This is a major energy saving when compared to 
other thermochemical processes.  
A study conducted by PNNL/NREL in 2004 (Werpy et al., 2004) identified a number 
of key sugar-derived platform chemicals that can be produced from biomass.  The product 
identification was proposed as a guide for research and reflects economics, industrial 
viability, size of markets, and the ability of a compound to serve as a platform for the 
production of derivatives.  The list of target platform chemicals was refined in 2010 based on 
advances in technology developments (Bozell and Petersen, 2010) and is shown in Fig. 3.  
The majority of the compounds identified are predominantly produced via 
fermentation pathways whereas others can be produced by thermochemical pathways (shaded 
area in Fig. 3).  The polyols (sorbitol and xylitol) are mostly produced through catalytic 
hydrogenation of sugars but can also be produced via biochemical pathways.  Lactic acid is 
also a byproduct from the thermochemical conversion of biomass synthesis.   
Levulinic acid is an ideal platform chemical that can be utilised to produce a number 
of bio-chemicals including succinic acid, resins, polymers, herbicides, pharmaceuticals and 
flavouring agents, solvents, plasticisers, anti-freeze agents and biofuels/oxygenated fuel 
additives as shown in Fig. 4. 
 
 
Fig. 3 – Top 10 chemicals produced from sugars 
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Esterified derivatives of levulinic acid can be used as food, flavouring and fragrance 
agents.  Ethyl levulinate is also used as an oxygenated additive.  Levulinic acid can be 
condensed with aromatic alcohols to produce diphenolic acid which is used in the production 
of polymers, lubricants, fire-retardant materials, paints and as a replacement for bisphenol A.  
levulinic acid can be readily halogenated to yield organic halides such as 5-bromolevulinic 
acid that can be further converted to δ-aminolevulinic acid which are useful pharmaceutical 
agents and herbicides.  
Some biofuel derivatives of levulinic acid such as γ-valerolactone (GVL) and 2-
methyl-tetrahydrofuran (MTHF) can be readily blended with petroleum products to create 
cleaner-burning fuels with the advantage that they do not suffer from phase separation to 
become contaminated with water (c.f. ethanol).  Alternatively GVL can be converted to 
valeric biofuels by esterification to pentenoate esters or hydrogenated to pentanoic acid which 
can be catalytically upgraded to 5-nonanone by ketonisation and hydrogenated to alkanes or 
alcohols (depending on catalyst employed).  The alcohols can be subsequently dehydrated to 
alkenes and oligomerised enabling production of C6-C27 hydrocarbon fuels. 
 
 
Fig. 4 – Levulinic acid as a platform chemical (Rackemann et al., 2010) 
Succinic acid is another platform chemical that is receiving much attention.  It is 
typically produced by bacterial fermentation of glucose but can also be catalytically oxidised 
from levulinic acid with a yield of ~80%.  Succinic acid is a versatile intermediate that can 
produce derivatives such as γ-butyrolactone (agrochemicals and pharmaceuticals), 1,4-
butanediol (plastics, fibres, films and adhesives) and tetrahydrofuran (THF: solvent for 
polyvinylchloride and intermediate for fibres and polyurethanes).  
Furanics (furfural and HMF) are also versatile chemicals and can be readily 
transformed into solvents, acrylate and polyester monomers, pharmaceuticals, agrichemicals, 
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and biofuels.  HMF can be catalytically converted to energy dense biofuels such as 2-
methylfuran (MF) and 2,5-dimethylfuran (DMF) or oxidised to highly functional monomers 
such as 2,5-furandicarbaldehyde and 2,5-furandicarboxylic acid (FDCA).  FDCA is a 
monomer for production of many polymers and has been touted as a green replacement for 
terephthalic acid and isophthalic acid, principally used as precursors of polyester for clothing 
and plastic bottles, as well as fine chemicals.  HMF and furfural can be converted to kerosene 
and diesel range biofuels through condensation reactions.  
Furfural is also considered a versatile industrial solvent and chemical precursor for 
foundry products.  Furfural derivatives include agricultural chemicals (herbicides, 
insecticides and preservatives), perfumes and flavouring agents (furan, furanol, nitrofuran, 
furamone), plastics, resins and synthetic fibres (nylon), dyes, rubbers and paints.  Table 3 
provides estimates of the potential value of products from the biomass carbohydrates and 
derivative products. 
Table 3 – Value added products derived from carbohydrates 
Compound Value  
(USD) 
Cellulose pulp ~$500/t 
Glucose $600-700/t 
Carbohydrate hydrolysis products   
HMF / HMF esters $2,000-4,000/t 
Levulinic acid / esters $2,000-3,000/t 
Polyols (sorbitol/xylitol) $2,000-3,000/t 
Succinic acid $1,800/t 
Furfural $1,500/t 
Formic acid / Acetic acid $900/t 
Ethanol $600-800/t 
Acetic acid $400/t 
Upgraded products  
Fuel additives $900/t  
Terephthalic acid / FDCA $900/t 
Ethyl actate  $1,800/t 
Furfuryl alcohol $2,000/t 
Bisphenol – A $2,300/t 
Polymers and resins ~$2,500/t 
Solvents (MF, DMF, THF, MTHF, BDO, GVL)       $2,000-5,000/t 
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Herbicides >$2,500/t 
Flavouring agents >$5,000/t 
 
The lignin platform 
Lignin has found commercial applications in a variety of low value industrial products 
such as concrete additives, phenol-formaldehyde resins and animal feed pelleting aids as well 
as in some small market high value adding products such as vanillin, dispersants and 
pesticides.  The depolymerisation of lignin via thermochemical processes (pyrolysis or 
liquefaction) generates a multitude of products. 
Base catalysed depolymerisation (BCD) is the most common thermochemical 
treatment applied for lignin conversion.  BCD hydrolysis of lignin can produce a range of 
oxygenated aromatics with high potential as platform chemicals (high market volume) 
including phenol, substituted phenols, catechols, cresols, syringols, guaiacols.  Phenol is 
considered the most suitable oxygenated aromatic product because of its very large market 
volume and value as a platform chemical.  Further conversion of these oxygenated aromatics 
can produce (i) BTX chemicals (benzene, toluene and xylene), cyclohexane and cyclohexanol 
through reduction reactions; and (ii) aromatic diacids, quinones, terephthalic acid, vanillin, 
etc by oxidation reactions.   
Table 4 provides estimates of the potential value of products from the BCD hydrolysis 
of lignin and derivative products from phenol.  
Table 4 – Value added compounds derived from lignin 
Compound Value 
(USD) 
Lignin $136/t (based on heating value) 
BCD hydrolysis products   
Phenol $1,500/t 
Catechol / Guaiacol $2,000-3,000/t 
Cresol  $1,100/t (based on xylene price) 
Succinic acid $1,800/t 
Lactic acid $1,375/t 
Formic acid / Acetic acid $900/t 
Methanol $400/t 
Phenol upgraded products  
Terephthalic acid  $900/t  
Bisphenol – A $2,300/t 
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Cyclohexanol $2,300/t 
Adipic acid $2,650/t 
Vanillin/syringol/syringaldehyde >$10,000/t  (niche market) 
Xylene $800/t 
Toluene $950/t 
Benzene  $1,100/t 
 
Pilot plant demonstration of biorefinery technologies in Australia 
While considerable laboratory scale research is being conducted to develop cost-
effective biorefinery processes, the complexity of the integrated processes cannot be 
adequately developed and demonstrated solely on results obtained from laboratory research.  
Effective pilot scale trials are an essential component in the development of new technologies 
to prove the effectiveness of new technologies obtained in the laboratory.  From these pilot 
trials, it is possible to optimise key process parameters prior to the large scale engineering 
and further scale up to demonstration or commercialisation scale. 
The Mackay Renewable Biocommodities Pilot Plant (MRBPP) is publicly available 
research infrastructure that was jointly funded by the Australian Government through the 
National Collaborative Research Infrastructure Strategy (NCRIS) and the Education 
Investment Fund (EIF), Queensland Government and the Queensland University of 
Technology (QUT) in Brisbane, Australia. The facility is hosted by Mackay Sugar Ltd on the 
Racecourse Mill site in Mackay, Queensland. The MRBPP was developed to: 
- Bridge the gap between laboratory research and commercial investment;  
- Rapidly advance the commercialisation of new technologies; and 
- Connect global innovators to Australian feedstock suppliers, investors and end-users. 
The MRBPP is owned and operated by QUT and has been demonstrating biorefinery 
processes at the pilot scale since 2010.  A description of the facilities, infrastructure and 
equipment at the MRBPP has been previously reported (Wong et al., 2011).  Since 2010, a 
range of biomass feedstocks have been processed including sugarcane, bagasse, corn stover, 
Eucalyptus, sweet sorghum and energy grasses.  Several biochemical pretreatment processes 
have been demonstrated including alkaline, single- and two-stage mild acid, solvent-based 
and autohydrolysis pretreatments. 
Fig. 5 shows the process for two-stage mild acid pretreatment of bagasse in the pilot 
plant to produce a pentose rich hydrolysate and a steam exploded solid residue.  The solid 
residue is subsequently hydrolysed to produce the glucose rich fermentable sugar product.  
Images of typical reaction products are shown in Fig. 6. 
 The MRBPP has been used to extract and purify lignin from sugarcane bagasse and 
this lignin is being used for the ongoing development of some of the products detailed 
previously.  Significant work is continuing on the development of novel and effective bagasse 
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pretreatment processes and the MRBPP is providing significant experience in understanding 
the opportunities created by these processes and some of the benefits and challenges 
associated with the physical and chemical processing of sugarcane bagasse at scale. 
 Trials at the MRBPP are continuing with a range of Australian and international 
partners, but with a common interest in the future opportunities for the production of high 
value fuels and chemicals from sugarcane bagasse. 
 
 
Fig. 5 – Production of fermentable sugars via the two-stage mild acid pretreatment 
process at the MRBPP 
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Fig. 6 – Conversion of bagasse to fermentable sugars.  Figures show the bagasse feedstock, 
steam exploded acid treated fibre, and the progress of enzymatic hydrolysis of the solid 
residue 0 – 40 h 
Conclusion 
There are many potential conversion technologies, platforms and products for 
sugarcane biorefineries.  Conversion technologies include biochemical and thermochemical 
processes and result in the production of valuable chemicals including levulinic acid, succinic 
acid, furanics and their derivatives. 
The sugar industry is in a prime position to be a major feedstock supplier and investor 
in the emerging industrial biotechnology industry.  Bagasse is widely seen as one the best 
feedstocks for the early stage adoption and commercialisation of biorefinery technologies.  
The adoption of biorefinery technologies into integrated sugarcane processing facilities 
creating renewable energy and biotechnology hubs offers improved economic viability and 
profitability for the sugar industry in the future.  In addition, there are significant social, 
commercial and environmental benefits that accrue to the regional communities and this 
reinforces the need for strong public policy to assist in the development of these new 
industries. 
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